INTRODUCTION {#S1}
============

Aldo-keto reductases (AKRs) are a gene superfamily that are monomeric, soluble, NADPH-dependent oxidoreductases that give functionality to the carbonyl groups present on aldehydes and ketones to form alcohols in eliminating reactions. AKRs consist of 14 families, with the AKR1 family composed of many isoforms. The AKR1B subfamily is a group of aldolase reductases, and aldo-keto reductase family 1B10 (AKR1B10) shares 70% sequence homology with AKR1B1. AKR1B1 is globally expressed in human tissues, whereas AKR1B10 is highly expressed in the small and large intestine as well as the adrenal glands, and very low levels of expression have been found in the liver. Expression of AKR1B10 in the adrenal glands is consistent with its role in steroid metabolism and in the small and large intestine for the detoxification of aldehydes within the digestive tract\[[@R1], [@R2]\]. Over-expression of AKR1B10 has been identified in hepatocellular carcinoma and non-small cell lung carcinomas. Further studies suggest that AKR1B10 is a unique biomarker of smoking related cancer and that AKR1B10 can be activated by tobacco-related carcinogenic transcription factors \[[@R3], [@R4]\],\[[@R5]\]. Since smoking is the most clearly established risk factor for pancreatic cancer and is associated with *KRAS* mutations\[[@R6]\], it is reasonable to postulate the AKR1B10 is up-regulated in human pancreatic cancer.

AKR1B10 exhibits more restricted substrate specificity than that of general human aldo-ketoreductases; only farnesal, geranylgeranyl, retinal and carbonyls are its specific substrates\[[@R7]--[@R11]\]. Metabolizing these specific substrates plays a crucial role in promoting carcinogenesis. The reduced products of farnesal and geranylgeranyl are intermediates of cholesterol synthesis involved in protein prenylation\[[@R12]\]. Protein prenylation is a process of lipid modification which involves the covalent addition of either farnesyl (15-carbon) or geranylgeranyl (20-carbon) isoprenoids to C-terminal cysteines of the target protein. This post-translational modification allows the prenylated protein to localize to cellular membranes, aid in protein-protein interactions and exert its effects on a wide range of signal transduction pathways some of which include cell growth, differentiation, maintenance of the cellular cytoskeleton and vesicle trafficking\[[@R12]--[@R15]\]. Prenylation appears to be a crucial event in carcinogenesis. Proteins that undergo prenylation include Ras and Ras-related GTP-binding proteins (G proteins), protein kinases, fungal mating factors, and nuclear lamins\[[@R13], [@R14]\]. More than 95% of human pancreatic cancers carry a *KRAS* gene mutation and the KRAS protein requires prenylation for its activity\[[@R16]\]. Recent studies demonstrate that conversion of the protein--cysteine acceptor site in oncogenic Ras prevents prenylation and abolishes its malignant transforming ability\[[@R17]\]. Many reports have demonstrated the central role of Ras activation in pancreatic cancer, yet the role of AKR1B10 expression in protein prenylation in pancreatic cancer have not been studied to date.

With respect to retinal, AKR1B10 is the most efficient retinal reductase\[[@R7], [@R9], [@R18]--[@R20]\]. The conversion to retinol results in suppression of the conversion of retinal to retinoic acid -- the major active anti-neoplastic metabolite. Retinol can be reversibly transformed to retinal, which in turn is irreversibly oxidized to retinoic acid. Retinoic acid is an important signaling molecule affecting cell differentiation. Several recent studies have demonstrated that AKR1B10 can influence carcinogenesis by controlling the retinoid signaling pathway\[[@R7], [@R8], [@R18]\]. An increased level of AKR1B10 expression in neoplastic cells results in an enzymatic reduction of retinal to retinol, a concomitant decrease in retinoic acid, and a shift in signaling from differentiation to unopposed cellular proliferation\[[@R7], [@R8], [@R18]\].

With respect to carbonyl metabolism, conversion of highly reactive aldehyde and ketone groups into hydroxyl groups by AKR1B10 in neoplastic cells protects these neoplastic cells against highly active carbonyl-induced apoptosis. Recent data demonstrates that AKR1B10 affects cell survival through modulating lipid synthesis, mitochondrial function, and oxidative status, as well as carbonyl levels, and therefore as being an important cell survival protein\[[@R21]\]. A separate study revealed that carbonyl groups in some anticancer drugs are converted by AKR1B10 to their corresponding alcohols and that this carbonyl reducing activity decreases the anticancer drug's effectiveness\[[@R22]\].

The aims of the present studies are to determine whether the AKR1B10 expresses in human pancreatic adenocarcinomas and what is its potential functional role in pancreatic carcinoma cells. Using immunohistochemical and western blot approaches as well enzyme activity assay, we evaluated AKR1B10 expression and enzyme activity *in vitro* and *ex vivo* human pancreatic adenocarcinoma samples. To investigate the oncogenic role of AKR1B10 in pancreatic cancer, we further analyzed if knockdown of AKR1B10 expression via a siRNA approach resulted in the reduction of protein prenylation and the induction of cell apoptosis in pancreatic carcinoma cells over-expressing AKR1B10.

MATERIAL AND METHODS {#S2}
====================

Cell Lines {#S3}
----------

Six human pancreatic adenocarcinoma cell lines (MiaPANC, Panc10.05, CAPAN-2, CAPAN-1, CD18, and Panc2.03) and the human hepatocellular carcinoma (HepG2) cell line were obtained from ATCC (Manassas, VA). The immortalized human pancreatic duct epithelial cell line (called HPDE6E6E7) was established in Dr. Ming-Sound Tsao's lab (Ontario Cancer Institute; Ontario, Canada). All cell lines were cultured in the appropriate medium obtained from Mediatech, Inc. (Manassas, VA) containing 10% fetal bovine serum (ThermoScientific, Waltham, MA) and maintained at 37°C and 5% CO~2~.

Protein Extraction and Immunoblot Analysis {#S4}
------------------------------------------

Cultured cells representing normal and adenocarcinoma were washed with 1X DPBS buffer, scraped with sterile cell lifters and pelleted using a table-top centrifuge at 1,000 rpm for 5 min. Cells were then lysed on ice by vortexing every 5 min for 30 min using RIPA buffer containing 10 mM Tris (pH 7.4), 150 mM NaCl, 5 mM EDTA, 1.0% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 0.004% sodium azide, 10 mg/ml leupeptin, 10mg/ml aprotinin, 1% phosphatase inhibitor cocktail 1 and 2 (Sigma, St. Louis, MO), 2% protease inhibitor cocktail and 1% PMSF (Sigma, St. Louis, MO). Membrane proteins from cultured cells were extracted for detecting the GTP-bound/active form prenylated KRAS protein (anchored on the membrane) using Mem-PER Eukaryotic Membrane Protein Extraction Reagent Kit (Thermo Scientific, IL) according to manufacturer's instructions. The extracts were collected by centrifugation at 10,000 rpm for 3 min at 4°C, followed by transfer of the supernatant to a new tube. The supernatant was incubated at 37°C for 20 min. in order to isolate the hydrophobic, membrane protein fraction. All protein concentrations were determined using Bradford reagent (Bio-Rad).

35µg of protein was loaded on a 10% SDS-polyacrylamide gel and transferred to a Immun-Blot PVDF Membrane (Bio-Rad), blocked using 1X TBST containing 0.05% Tween-20 and 5% non-fat powdered milk, followed by membrane incubation with the primary antibody solution overnight at 4°C. The antibodies used were: polyclonal rabbit anti-human AKR1B10 (1:300; LifeSpan BioSciences, Inc., Seattle, WA), cleaved caspase-8 (1:1000, Cell Signaling Technology), MEK1/2 (1:1000, Cell Signaling Technology), Caspase-3 (1:200, Cell Signaling Technology) and mouse monoclonal anti-c-KRAS (Ab-1) (2µg/ml; Calbiochem), ERK (1:1000; Cell Signaling Technology), E-cadherin (1:2000, BD Biosciences), as well as anti-human HDJ-2/DNAJ (1µg/ml; Thermo Scientific) and anti-human Flotillin-2 (1:100; Santa Criz Biotechnology, Inc). The membrane was then washed with 1X TBST and incubated with HRP-linked anti-rabbit (1:2000) or anti-mouse (1:2000) IgG and HRP-linked anti-biotin antibodies (1:1000, Cell Signaling Technology, Inc., Danvers, MA) for 1 hour at room temperature. The protein-antibody complexes were detected using the 1X LumiGLO chemiluminescent substrates (Cell Signaling Technology) according to the manufacturer\'s instructions and the emitted light captured on X-ray film. Mouse anti-human β-actin (1:5000: Sigma-Aldrich), served as an internal control.

siRNA Knock-Down Assay {#S5}
----------------------

Sense (AGAGGAAUGUGAUUGUCAUTT) and anti-sense (AUGACAAUCACAUUCCUCUGG ) oligonucleotides were purchased from Ambion, Inc. (Austin, TX) for ABR1B10. The oligonucleotides were annealed following manufacturer\'s protocol to generate the double stranded siRNAs at the final concentration of 20µM. 2×10^6^ cells were cultured in 6-well plastic plates in 1 ml of DMEM without serum and transfected at \~40% of confluence by adding 4 µl of Oligofectamine (Invitrogen) and 10µl of 20µM stock siRNAs. Cells were incubated at 37°C for 4 hours in a CO~2~ incubator, followed by the addition of growth medium containing 3X the normal concentration of serum. Cells were maintained in culture for an additional 32 hours before western blot or enzyme activity analysis.

Enzyme Activity Assay {#S6}
---------------------

Cells were lysed on ice in buffer containing 50mM Tris-HCl (pH 7.0), 1% protease inhibitor (Sigma-Aldrich, St. Louis, MO), 1% β-mercapethanol (Sigma-Aldrich, St. Louis, MO), 10% RIPA buffer (Santacruz Biotechnology, Inc.; Santa Cruz, CA) by vortexing briefly every 5 min over a 30 min period, followed by centrifugation at 10,000 rpm at 4°C for 10min. Soluble proteins in the supernatant (50 µg) were used for AKR1B10 activity assays in a reaction buffer containing of 125mM sodium phosphate (pH 7.0), 50mM KCl, and 20mM DL-Glyceraldehyde in a 35°C water bath for 10 min. The reaction is carried out using 0.3mM NADPH as a substrate for AKR1B10 enzymatic activity. The change/decrease in optical density at 340 nm is monitored every minute for 10 minutes at room temperature in a SmartSpec Plus spectrophotometer (BioRad, Hercules, CA) and the difference in absorbance from the start to the end of the assay (10 minute period) was used to determine AKR1B10 activity.

Immunohistochemistry and Microscopic Analysis {#S7}
---------------------------------------------

A total of 50 formalin-fixed, paraffin-embedded pancreatic adenocarcinomas were available for the study. The use of these specimens for research was approved by the Institutional Review Board of Northwestern University and Northwestern Memorial Hospital. Immunohistochemical analysis for AKR1B10 was performed on these paraffin sections. The sections were deparaffinized in xylene, washed in ethanol and rehydrated in 1X TBST. Antigen retrieval was performed using a microwave technique in citric acid-based Antigen Unmasking Solution (Vector Laboratories, Burlingame, CA). Endogenous peroxidase activity was quenched using 3% hydrogen peroxide for 10 minutes. Non-specific binding was blocked by incubating the tissue sections with diluted normal horse serum for 60 minutes. AKR1B10 antibody (6µg/ml; Abnova Corporation, Taiwan) was applied overnight at 4°C followed by secondary staining using Vector Laboratories anti-mouse ImmPRESS Detection kit with bound antibody detected using Sigma*FAST* DAB for 5 minutes. All sections were counterstained with Mayer's hematoxylin for 30 seconds. The hepatocellular carcinomas were used as positive control and the negative control was established with the replacement of anti-AKR1B10 antibody by normal serum. Diffuse (\>75%) granular, cytoplasmic staining in epithelial cells was considered as AKR1B10 positive.

Statistical Analysis {#S8}
--------------------

Summary statistics such as percent, means, median, standard deviations and ranges have been determined for all outcome measures. For continuous measures, analysis of variance (ANOVA) methods have been used. Continuous variables were compared with the Student's *t*-test, whereas categorical variables were compared with Chi-square test. All statistical tests were two-sided, and data were considered statistically significant when p\<0.05.

RESULTS {#S9}
=======

Distinct expression pattern of AKR1B10 in pancreatic adenocarcinoma {#S10}
-------------------------------------------------------------------

AKR1B10 expression was determined in 50 pancreatic carcinoma tissues using an immunohistochemical approach. No positive staining of AKR1B10 was observed in the morphologically normal pancreatic parenchyma (including acinar, ductal and islet cells), as seen in [Fig. 1A](#F1){ref-type="fig"}. Positive expression of AKR1B10 was identified in the cytoplasm of neoplastic cells in the invasive pancreatic ductal adenocarcinomas ([Fig. 1B](#F1){ref-type="fig"}), but not in adjacent morphologically normal ductal epithelial cells ([Fig. 1B](#F1){ref-type="fig"}; open black arrow). Thirty-five of 50 (70%) pancreatic adenocarcinomas exhibited over-expression of AKR1B10. Of the tumors expressing AKR1B10, the majority of cases were well- and moderately-differentiated adenocarcinomas (carcinomas that showed well-formed glandular structure or a cribiform pattern), in which approximately 71% (20/28) of well-differentiated carcinomas and 74% (14/19) of moderately-differentiated carcinomas displayed AKR1B10 expression, while only \~33% (1/3) of poorly-differentiated carcinomas exhibited positive staining for AKR1B10. When further examining the social history of these patients, 60% of those with AKR1B10 over-expression were smokers (defined as more than 10 year smoking history).

Precancerous pancreatic lesions known as pancreatic intraepithelial neoplasia were frequently observed in the adjacent morphologically normal pancreatic tissues of resected pancreatic carcinoma specimens. The expression of AKR1B10 in pancreatic intraepithelial neoplasia lesions was further analyzed. A similar positive staining intensity for AKR1B10 was observed in the pancreatic intraepithelial neoplasia lesions ([Fig. 1C](#F1){ref-type="fig"}) when compared to that observed in pancreatic carcinoma ([Fig. 1B](#F1){ref-type="fig"}). All pancreatic intraepithelial neoplasia-1 (18/18) and pancreatic intraepithelial neoplasia-3 lesions (6/6), as well as the majority of pancreatic intraepithelial neoplasia-2 lesions (10/12; 83.3%) had AKR1B10 over-expression.

Over-expression and increased enzyme activity of AKR1B10 in cultured pancreatic adenocarcinoma cell lines {#S11}
---------------------------------------------------------------------------------------------------------

Using a quantitative western blot approach, the level of AKR1B10 expression was determined in 6 human pancreacreatic carcinoma cell lines using the immortalized normal pancreatic ductal epithelial cell line (HPDE6E6E7) as baseline control and human hepatocellular carcinoma cell line (Hep2G) as a positive control. Western blot analysis revealed over-expression of AKR1B10 protein in all of six pancreatic adenocarcinoma cell lines as compared to a normal pancreatic ductal epithelial cell line (HPDE6E6E7); and the levels of AKR1B10 expression in these pancreatic carcinoma cell lines were either comparable or slightly lower to that observed in the Hep2G cell line ([Fig. 2A](#F2){ref-type="fig"}).

Oxidized NADPH was used as a monitor at 340 nm for measuring AKR1B10 enzymatic activity in these pancreatic adenocarcinoma cell lines^[@R9]^. As shown in [Fig. 2B](#F2){ref-type="fig"}, AKR1B10 enzyme activity in the pancreatic carcinoma cell lines was significantly higher (2--3 fold) than that in the normal pancreatic ductal epithelial cell line (HPDE6E6E7) and had comparable or slightly lower activity to that seen in Hep2G cells. Of note, the enzyme activity correlated with the levels of protein expression ([Fig. 2A and 2B](#F2){ref-type="fig"}).

Small-interfering RNA (siRNA)-mediated AKR1B10 silencing induces apoptotic cell death in pancreatic adenocarcinoma cell line {#S12}
----------------------------------------------------------------------------------------------------------------------------

To further demonstrate the biologic role of AKR1B10 in pancreatic cancer, silencing of AKR1B10 dynamic expression in the human pancreatic adenocarcinoma cell line Panc10.05 was achieved using a siRNA approach. As seen in [Fig. 3](#F3){ref-type="fig"} (lower panel), compared to parental Panc10.05 pancreatic carcinoma cells, Panc10.05 pancreatic carcinoma cells transfected with siRNA showed a significant down-regulation of AKR1B10 expression as detected by western blot assay. Enzyme activity assay further confirmed that AKR1B10 activity was significantly lower when compared to the scrambled siRNA control Panc10.05 cell line ([Fig. 3](#F3){ref-type="fig"}, upper graph).

As active carbonyls are one of specific substrates of AKR1B10, over-expression of AKR1B10 could be a mechanism of neoplastic cell resistance to active carbonyl-mediated cell death. Western blot analysis revealed that silencing of AKR1B10 expression resulted in increased apoptosis-related cleaved caspase-8 expression ([Fig. 4A](#F4){ref-type="fig"}). Immunocytochemical analysis of activated caspase-3-labeled cell apoptosis was performed and showed that compared to the scrambled siRNA control ([Fig. 4B1](#F4){ref-type="fig"}, top image), siRNA silencing of AKR1B10 expression increased activated caspase-3 labeled cell apoptosis ([Fig. 4B2](#F4){ref-type="fig"}, bottom image). The percentage of activated caspase-3 labeled apoptotic cells was 1.5±1.3% in the scrambled siRNA control, and a significant increase in cell apoptosis was observed in Panc10.05 carcinoma cells with silencing of AKR1B10 expression (6.7±2.3%, p=0.029). Cell proliferation was further determined based on the clone size (number of cells per clone), and revealed that number of cells per clone in the scrambled siRNA control was 32±11, while a significant decrease in the number of cells per clone was identified in Panc10.05 carcinoma cells with AKR1B10 silencing (18±9, p=0.048).

Silencing of AKR1B10 expression results in decreased key prenylated protein expression including membrane-bound KRAS protein and its down-stream signal activities {#S13}
------------------------------------------------------------------------------------------------------------------------------------------------------------------

The human DNA-J homolog, HDJ2, is a co-chaperone containing a cysteine-rich zinc finger domain and a mitochondial protein. HDJ2 is also a heat-induced and farnesylated protein that is apparently involved in mitochondrial protein import in mammals^[@R23]^. HDJ2 protein is commonly used as a biomarker for the evaluation of protein prenylation. To determine if AKR1B10 is involved in the process of protein prenylation, farnesylated and non-farnesylated HDJ2 proteins were analyzed in siRNA AKR1B10 silencing cells and in the scrambled siRNA control using a western blot approach. Silencing of AKR1B10 expression resulted in an increased level of non-farnesyled HDJ2 protein ([Fig. 5](#F5){ref-type="fig"}, black upper arrow).

KRAS protein is another key protein which requires prenylation for its membrane localization and activity. Like other small GTPases, KRAS regulates molecular events by cycling between an inactive GDP-bound form and an active GTP-bound form. The basis of its active state (GTP-bound) is a membrane-bound KRAS protein or the prenylated form of the KRAS protein. Immunoblot analysis of membrane protein extracts revealed markedly decreased levels of membrane-bound KRAS in Panc10.05 cells with siRNA silencing of AKR1B10 compared to the scrambled siRNA control and using the membrane protein Flotillin-2 as a quantitative loading control ([Fig. 5](#F5){ref-type="fig"}); however the level of cytosolic/soluble KRAS protein was unchanged.

Down-regulation of E-cadherin expression or function appears be an important step in carcinogenesis and cell differentiation and its expression has been shown to be regulated by the KRAS pathway^[@R24]--[@R27]^. Immunoblot assay further revealed that membrane-bound E-cadherin was significantly increased in Panc10.05 cells with AKR1B10 silencing ([Fig. 5](#F5){ref-type="fig"}, black lower arrow). In addition, KRAS downstream signals were also evaluated and showed that the phosphorylation of ERK and MEK was down-regulated in Panc10.05 cells with AKR1B10 silencing ([Fig. 5](#F5){ref-type="fig"}).

Discussion {#S14}
==========

Pancreatic cancer is one of the most lethal malignant neoplasms in the United States^[@R28]^. The risk factors for pancreatic carcinoma are strongly related to life and dietary style, environment, genetic factors, and genetic-environment interaction^[@R29]--[@R31]^. The identification of these factors and their interaction with the host and how this can lead to cancer development are important in developing strategies for the prevention and cure of pancreatic cancer and the reduction of its mortality^[@R32]^. In humans, the most common and recognized risk factors for the development of pancreatic cancer are smoking and chronic pancreatitis^[@R33],[@R34]^. AKR1B10 was first isolated from human hepatocellular carcinoma^[@R1]^, and has been identified as a unique tumor biomarker that is over-expressed in hepatocellular carcinoma and smoking-related carcinomas such as lung and bladder^[@R5],[@R35]--[@R38]^. Here, we first demonstrated that AKR1B10 is over-expressed in resected human pancreatic adenocarcinomas and *in vitro* cultured adenocarcinoma cell lines; and further demonstrated its unique oncogenic function in activating KRAS via the process of protein prenylation. By further considering the patient's social history, over-expression of AKR1B10 was highly associated with a history of smoking.

As summarized in [Fig. 6](#F6){ref-type="fig"}, AKR1B10 is involved in regulating cellular fatty acid synthesis, lipid and isoprenoids metabolism, regulating retinal homeostasis, and in the metabolization of highly active carbonyls^[@R7]--[@R11]^. All of these unique metabolizing processes contribute to carcinogenesis as they are involved in protein prenylation, cell proliferation and apoptosis ([Fig.6](#F6){ref-type="fig"}). Farnesol and geranylgeraniol, the reduced products of AKR1B10 from farnesyl and geranylgeranyl, are phosphorylated into farnesyl and geranylgeranyl pyrophosphates, respectively, which are the intermediates of cholesterol synthesis involved in protein prenylation^[@R12]^. Thus, it has been postulated that AKR1B10 is possibly involved in the process of protein prenylation via metabolizing farnesyl and geranylgeranyl ^[@R39]^. Using *in vitro* cultured human pancreatic adenocarcinoma cell lines, we identified the upregulation of AKR1B10 in these pancreatic adenocarcinoma cell lines. We have first demonstrated that using siRNA-mediated AKR1B10 silencing, dynamic knock-down of AKR1B10 expression as well its enzymatic activity resulted in decreased level of the farnesylated human DNA-J homolog (HDJ2) chaperone, a prototypical biomarker of prenylated protein.

Activating point mutations in the *KRAS* gene are present in \~95% of pancreatic cancers^[@R40]--[@R42]^ and represent the earliest molecular events involved in pancreatic carcinogenesis^[@R43],[@R44]^. Membrane-bound KRAS protein is another crucial biomarker of protein prenylation which is required for anchoring of proteins to the cytosolic membrane and for their activity ^[@R13],[@R14]^. In this study, we demonstrate that the amount and activity of membrane-bound KRAS protein in the pancreatic adenocarcinoma cell line was significantly decreased when AKR1B10 expression was silenced. In addition, KRAS downstream signals including phosphorylated MEK and ERK were suppressed. These results further confirmed that AKR1B10 was involved in the process of protein prenylation and indicated that AKR1B10 could be a critical target for shutting down KRAS oncogenic function.

E-Cadherin is a glycoprotein present in the adherens junctions of epithelial cells. Disruption of the proteins comprising these junctions leads to changes in cell adhesion and dedifferentiation. E-Cadherin expression is frequently down-regulated or absent in highly invasive, poorly differentiated carcinomas and increased expression of the E-Cadherin protein in vitro can decrease tumor cell invasiveness. Recent studies have demonstrated that introduction of oncogenic KRAS into pancreatic ductal epithelial cells results in an increase in cell size and decrease/loss of epithelial cell E-cadherin expression^[@R24]^. Additionally, in vitro and in vivo studies demonstrated that knock-down of KRAS results in a marked increase in E-cadherin transcript and protein expression^[@R27]^. In addition, downregulation of AKR1B10 results in a conversion of retinol to retinal and further to retinoic acid that leads to cell differentiation and increase of E-cadherin transcript and protein expression. Our finding further demonstrate that silencing of AKR1B10 expression results in marked decreases in membrane-bound KRAS expression, significant increases in E-cadherin expression, and inhibition of cell proliferation. These data demonstrate that alterations in KRAS expression elicit mitogenic and morphogenic cellular responses via an E-cadherin mediated pathway.

For carbonyl metabolism, conversion of highly reactive aldehyde and ketone groups into hydroxyl groups by AKR1B10 in neoplastic cells protects against carbonyl induced apoptosis ^[@R21]^. It has been shown that silencing AKR1B10 in human colonic carcinoma by siRNA approach induces cell apoptosis by regulating lipid synthesis and reducing carbonyls metabolism ^[@R21]^. Similar results were observed in the present studies that knocking down AKR1B10 expression in a human pancreatic adenocarcinoma cell line (Panc10.05) induced cell apoptosis and inhibited cell proliferation, suggesting AKR1B10 could be a therapeutic target for pancreatic cancer.

Another key finding was that AKR1B10 was not only over-expressed in pancreatic adenocarcinoma, but also in pancreatic intraepithelial neoplasia lesions, indicating that AKR1B10 is involved in the early stage of pancreatic carcinogenesis. AKR1B10 is the most efficient retinal reductase ^[@R7],\ [@R9],\ [@R16],\ [@R18]--[@R20]^; the conversion of retinal to retinol by AKR1B10 results in suppression of the conversion of retinal to retinoic acid - the major active antineoplastic metabolite. Chronic pancreatitis is a well recognized risk factor of pancreatic cancer^[@R9],[@R30],\ [@R33],\ [@R34]^. Chronic pancreatitis-associated malabsorption is common clinically. Malabsorption leads to a fat-soluble vitamin deficiency including vitamin A^[@R45]--[@R48]^, which further promotes carcinogenesis. Clinical trials have indicated that the retinol esters and carotenoids have efficacy against carcinogenesis in populations deficient in sources of vitamin A ^[@R49]^. Since AKR1B10 is over-expressed in precancerous pancreatic intraepithelial neoplasia lesions, targeting of AKR1B10, particularly the combination of fat-soluble vitamin supplementation, could be an efficient approach for the prevention of pancreatic cancer.

In conclusion, AKR1B10 expression was found to be significantly increased in precursor lesions and infiltrating adenocarcinomas of the pancreas. Silencing of AKR1B10 expression was associated with increased apoptosis, decreased protein prenylation, and decreased activation of KRAS and several of its downstream effectors. Taken together, these findings strongly suggest that inhibition of AKR1B10, and subsequent inhibition of protein prenylation including KRAS and its downstream pathway, as well as the induction of cell apoptosis, may serve as a highly promising target for future studies focusing on the development of treatment modalities and prevention strategies of the malignant and highly lethal neoplasm-pancreatic adenocarcinoma.
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![Immunohistochemical analysis of AKR1B10 expression in human pancreatic tissues: (**A**) No detectable expression was observed in normal pancreatic acini or ducts. (**B**) Well-differentiated pancreatic ductal adenocarcinoma with high expression of AKR1B10, but negligible expression in an adjacent normal duct (open black arrow). (**C**) Precancerous pancreatic epithelial neoplasia also over-expressed AKR1B10 as demonstrated in pancreatic intraepithelial neoplasia-3 (large duct in center) and pancreatic intraepithelial neoplasia-1 lesions (open black arrows).](nihms328229f1){#F1}

![Analysis of AKR1B10 expression along with corresponding enzyme activity. **A)** Using normal pancreatic ductal epithelial cell line (HPDE6E6E7) as a baseline control, and using the human hepatocellular carcinoma cell line (HepG2) as a positive control, western blot analysis revealed that AKR1B10 was over-expressed in all of six pancreatic adenocarcinoma cell lines, and that all of six cell lines exhibited either comparable or lower levels of expression to the HepG2 positive-control cell line. **B)** Oxidized NADPH was used as a monitor at 340 nm for measuring AKR1B10 enzymatic activity in these pancreatic adenocarcinoma cell lines, and showed that enzyme activity for all six cell lines paralleled AKR1B10 protein expression levels (A).](nihms328229f2){#F2}

![siRNA-mediated silencing of AKR1B10 expression and enzymatic activity. Western blot analysis demonstrates markedly decreased expression of AKR1B10 in knock-down cells (lower panel) with concomitant decrease in enzymatic activity (upper graph) that parallels AKR1B10 expression levels.](nihms328229f3){#F3}

![AKR1B10 silencing resulted in induction of apoptosis and inhibition of cell proliferation. (**A**) Western blot analysis showed that increased level of cleaved caspase-8 protein, a marker of apoptosis, in Panc10.05 cells with AKR1B10 silencing. **(B)** Immunocytochemical analysis of cell apoptosis using activated caspase-3 in the scambled siRNA control (**B1**) and those with siRNA silencing of AKR1B10 expression (**B2**). Silencing of AKR1B10 expression resulted in increased activated caspase-3 labeled cell apoptosis as demonstrated by the arrows in the bottom image as well as the small size of the cell clones. The number of cells per clone was further counted and revealed that a significant decrease in the number of cells per clone were identified in Panc10.05 carcinoma cells with AKR1B10 silencing when compared to the parental control (18±9 vs. 32±11, p=0.048).](nihms328229f4){#F4}

![Western blot analysis of prenylated proteins including HDJ2 and KRAS as well its downstream signals. Increased non-farnesylated HDJ2 protein (**upper black arrow**) and decreased membrane-bound KRAS protein were observed in the siRNA AKR1B10 pancreatic cancer cell line when compared to the scrambled siRNA control. Increased levels of membrane-bound E-cadherin (**lower black arrow**) and decreased levels of KRAS downstream effectors, phosphor-ERK and phosphor-MEK1/2, were also found. Flottin-2 was used as a loading control for membrane-bound proteins, while β-actin is used for cytosolic proteins.](nihms328229f5){#F5}

![The proposed interactive role of AKR1B10 in carbonals, farnesyl and lipid metabolism as in maintaining the homeostasis of retinol to retinal that is involved in cellular apoptosis, protein prenylation and proliferation and contributes to pancreatic carcinogenesis.](nihms328229f6){#F6}
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